I.Introduction
The hydrogen is an important driver for the future energy scenario [1, 2] because the combustion of hydrogen eliminates the direct generation of carbon, but its production and using is not already carried out for an industrial and commercial application at 100% H2. The gas turbine is a viable alternative to fuel cell technology regarding reliability [3] , expected lifetime and cost. They permit to use hydrogen with a considerable level of impurity as CO; so it is possible to increase in value many solid wastes (municipal wastes, sewage sludge, meat and bone meal, etc.) [4] [5] [6] or carbon-based fuels that could be used to produce a hydrogen-rich syngas. The Fusina project [7] started for the using of the hydrogen from the petrochemical facilities of Porto Marghera (Italy). In this contest, the recent technology also gives the possibility to use an abundant energy source like coal, in a clean system with high efficiency (IGCC) [8] with net CO2 cycles [9, 10] . Even though gas turbine is a wellestablished technology for low hydrogen syngas but the operation on pure hydrogen is still a challenging frontier. The combustor is the only component of a gas turbine that requires major redesign effort for operation on 100% hydrogen, due to the fuel characteristics [11, 12] . However, the use of hydrogen as a fuel is nowadays limited to gas turbines equipped by diffusion flame combustors [13] [14] [15] , where the pure hydrogen supply leads to NOx emissions about three times higher than in the case of natural gas firing [16] . Methods for reducing pollutant emissions are borrowed from those used in diffusive gas turbine combustion chambers supplied by natural gas. The experience from DLN gas turbine combustor suggests the premix combustion as a useful method to control NOx emission, but in the case of 100% hydrogen combustion, this technology is not yet mature.
The literature shows the main difference between hydrogen respect the natural gas. Shelil et al. [17] , Kwon [18] , Rozenchan [19] and Pareja et al. [20] report the very high laminar flame speed. Noble et al. [21] report the tendency to a very quick flashback, where the limited progress time does not permit a right management of this phenomena.
The flame speed is the main element for all premixed flames because it defines the position of the flame front and the behavior about the flashback is the main problem for the premixed combustion chamber. Schönborn et al. [22] show a very short ignition delay time of the hydrogen flames and how the increasing of Reynolds cause a reducing of the delay. This behavior needs a high flow velocity to prevent flash-back phenomena, with obvious negative repercussions on combustor pressure drop. During the last decade, several studies on hydrogen-fueled premixed combustors have been carried out. Burmberger et al. [23] show an experimental activity the possibility, by proper vortex breakdown, to obtain stable flame anchored close to the exit of the nozzle on a radial swirler burner prototype. In this case, the burner exhibited remarkable fuel flexibility, and the flashback phenomena were reasonably controlled. Therkelsen et al. [24] study some modifications to the fuel injectors system of a commercial MGT to allow a pure H2 operability. These changes were focused on achieving three different fuel/air mixing profiles while maintained similar equivalence ratio operational ranges; as other cases, the engine fueled with hydrogen produced larger volumes of NOx. Other innovative technologies are described in the literature, for example, the Micro-mixing [25] , the Multi-Tube Mixing [26] or the Lean Direct Injection [27] . These designs are characterized by the using of small passage as a premixing duct to reduce the flashback and improvement the NOx production control, but all this solution is far to a great operability with pure hydrogen in a gas turbine.
In this context, the present work describes the experimental and the numerical analysis on a premixer prototype derived from a natural gas industrial unit. The design idea was to reduce the distance with the real gas turbine combustor. The premixer was tested at ENEL's TAO test facility in Livorno (Italy). The tests were performed for natural gas, methane/hydrogen mixture, and pure hydrogen too. The design activity and the preliminary experimental data are reported in Brunetti et al. [28] , which are focused on the effect of hydrogen content on the main operating parameters. The aim of this paper is the investigation of the pure H2 fueling because in literature deep analyses on only this condition are few also for the other cases, as in Galletti et al. [29] and York et al. [26] .
II.The investigated object
The prototype derives from a TG50 DLN combustor installed on a heavy duty gas turbine. The initial premixer was featured by an axial swirler and cross-flow fuel injection system [30, 31] . Eight blades compose the swirler, but it is not able to produce a stable toroidal recirculation zone at premixer's outlet [32] . A new swirler by a wider mean outlet angle (43°, Sw=0.7) was designed and built in order the suggestion from Lilley [33] and Burmberger et al. [23] .
The injection system is modified to be co-flow, and it is inspired by Therkelsen [34] . Its design philosophy is the preventing the high turbulence regions, typical of the cross-flow, which brings to the flashback.
The injection system is composed by eight lances which pierce the swirler blades, see Figure 1 . The main feature of the injection system is the possibility to move along the axial direction so the fuel delivery point can change as well as the mixing level. However, the moving is possible only when the unit is cold and shut-down, so it is not an active system. This solution is a good adjustment because of the experience from Cerutti et al. [35] shows the modification of premixing level needs a complete rearrangement of the test rig.
To extend the operating range and to simplify the operating a commercial pilot burner was installed on the premixer axis. The schematic drawing in Figure 1 shows the main components of the developed burner prototype. The operative condition range of the burner prototype, see Table 1 , was based on the premixer equivalent ratio, air temperature of the original TG50 DLN premixing system operated at full-load with natural gas, but it is modified in according with the experienced obtained from the experimental activity.
III.Test facility
The combustion test rig -named TAO (Figure 2 ) -was installed in the ENEL's experimental area located in Livorno (Tuscany, Italy). This facility was built in 2004 with the aim to perform experimental investigations on gas turbine burners using advanced optical diagnostic techniques. Among several experimental campaigns performed up to now on this facility. Many of this study were focused on the analysis of thermo-acoustic combustion instabilities in the lean premixed burners and a part of results are reported in Tiribuzi et al. and Cipriano et al. [36, 37] . The rig consists of a vertical atmospheric combustion chamber; the maximum thermal input is 800 kW. Figure 2 shows a sectional view of the tested burner installed on the rig. On four walls of the octagonal chamber, there are installed flat quartz windows used for optical access. The stainless steel chamber is 85 cm long with a 31 cm equivalent inner diameter (2·rc, see Figure 2 ). At its end, a conical shaped restriction leads to a downstream smaller chamber used for gas sampling and separates the combustion chamber from the exhaust discharge piping. About the tests described here, premixed and pilot gas lines were used to supply the main and the pilot burner respectively. Air is provided to the combustion chamber using two different lines. The first one is connected to the main fan and carries heated air to the plenum upstream of the main burner. The other supplies the pilot burner with air at ambient temperature. For technical characteristics of the pilot, it was fueled only with natural gas even in a case with hydrogen fueling. The combustion test rig is equipped with resident instrumentation, dedicated to air and fuel systems' control and necessary to ensure proper test rig operation. For test execution, the main instruments are those providing mass flow measurements. Fuel mass flows have been measured using both standard orifices and flow meters. Pressure and temperature transmitters provide continuous monitoring of air and fuel supply conditions. The test hardware has been equipped with dedicated instrumentation to provide a detailed and comprehensive screening of the combustion system performances. Flue gas temperature inside the combustion chamber was measured using twelve thermocouples Pt-Rd type, installed in the chamber at a radial distance of 51 mm (equivalent to 0.75 D) from the burner axis (see "r t" in Figure  2 for details). Two 180 degree-shifted thermocouples were installed at the burner exit to monitor its metal temperature and to identify the flame flashback onset. Two sampling probe and a thermocouple were installed at the combustion chamber exit for measuring main species and flue gas temperature. NOx emissions were measured using both chemiluminescence and infrared analyzers; this unit gave ± 1 ppm in accuracy. Each test day it was calibrated with a certificated gas mixture. The flame pattern has been obtained using the OH* chemiluminescence imaging. The OH* emission imaging highlights specific zones where heat release rates are supposed to be highest and carries out morphological and dynamic information of the flame. The data acquisition of the test rig is performed by an electronic system that reads and stores the data from each sensor with 1 Hz frequency; the values are also visualized in real time. The mean values for each single test point were evaluated by averaging 30 consecutive acquisitions and checking the minimum, maximum and the STD values of this value set.
Correction temperature value
Alessandro Cappelletti, Francesco Martelli, Investigation of a pure hydrogen fueled gas turbine burner, The data collected by thermocouples needs to be corrected by using a correlation to take into account of their radiation energy losses. When a thermocouple is in a high-temperature zone, as in a flame, the radiation losses are significant, so the measured value is lower than the actual flow value. The difference can be over 200K in the higher temperature zone. The equation 1, proposed by Kaskan [38] , evaluates the ΔT between the actual flow value and the measured one. ∆ = 
IV.Numerical approach
The numerical simulation is performed to deepen some details imperceptible from the experimental test. The hydrogen flames are invisible to naked eye and OH* emissions provide only a bidimensional flame shape, but the information from the natural gas direct observation [28] suggests a complex shape started from the eights lances.
Another important aspect is the NOx emission and the understanding which chemical paths are more influence on global emissions. Gas turbine combustion simulation requires taking into account the interaction between chemistry and turbulence. Gobbato et al. [39] show a low computational cost numerical approach, but it could be used only for a diffusion flame. Looking at the test case under investigation, the air/fuel mixture produced by the interaction between the air and the fuel is not homogeneous at the combustion chamber inlet. A partial premix model based on the Zimont approach [40, 41] in conjunction with the Steady Laminar Flamelet Model of Peters [42, 43] , with Non-equilibrium and Non-adiabatic PDF tables, was selected. The code uses directly fitted curves of the laminar flame speed obtained from numerical simulations proposed by Gottgens et al. [44] . A RANS approach was used for turbulence modeling, and the k-ω SST model was selected as suggested in some work on gas turbine combustion chamber [45] [46] [47] . The laminar flamelet tables were generated by using the kinetic mechanism proposed by Li et al. [48, 49] , this mechanism is suggested by Ströhle et al. [50] because it is optimized for the hydrogen combustion in atmospheric condition.
The following numerical results were obtained with CFD simulations carried out with ANSYS FLUENT code (ver. 14.5) [51, 52] , where the main governing equation are:
1) Mass conservation: Regarding the numerical accuracy of the code, all information are available from the software house with the code verification manual [53] .
The simulations were performed using a second order discretization for all the equations because it permits to increase the accuracy of the results on a tetraedical mesh, as reported on Fluent manual [51, 52] . The boundary conditions were imposed regarding inlet total pressure and outlet static pressure volume and finally the actual mass flow rate is chacked. On the combustion chamber walls, a uniform temperature is imposed to evaluate the cooling of the test rig. The convergence accuracy of the simulations was performed by checking the equations residual and the value of some specific variables. The calculation was stopped if the residual values became lower than 10 -6 and it was constant for the 1.000 following iterations. The monitored quantities were the average temperature and fuel mass fraction at the outlet.
Post processor for emission evaluation
NOx chemistry is too slow to be accurately represented by the laminar flamelet model; thus a specific postprocessor is required for their accurate evaluation. The first used tool works on the reactive simulations results, and it resolves one transport equation for the pure thermal path. NOx chemistry and turbulence interaction were modeled using assumed shape PDF distributions of temperature. The validation of the model was performed on many cases of gas turbine combustors [16, [54] [55] [56] .
In hydrogen flames generally, only the NOx production from the Zeldovich and N2O mechanisms are considered. Skottene et al. [57] report the importance of the NNH [58, 59] way for the NO production in a hydrogen flame. So this study uses also a new post-processor available on ANSYS FLUENT ver. 14.5 [52] . It is not a network reactor post-processor but it uses transport equations.
This tool is based on a stiff solver where a detailed kinetic was imported and elaborated on all mesh cells. The tool can resolve many reactions, with low computational cost because the aerodynamics is frozen. For this analysis the Gri-mech 3.0 [60] was selected, this mechanism is used in many works about the analysis of NOx emissions [57, [61] [62] [63] . The postprocessor uses the temperature and all original species fields from the previous reactive simulation. For this reason, the original simulation had to be resolved with kinetics that didn't include the pollutant species, as the selected Li et al. [48] . A specific transport equation resolves each pollutant species. All un-pollutant species, in the detailed kinetic and not in the original simulation, are evaluated by a chemical equilibrium calculation at the fixed temperature of the original solution. The Gri-mech was developed for hydrocarbon fuels. Thus it includes species and reaction with carbon; the solver eliminates all these elements because they are unnecessary. Figure 4 shows a view of the premixer and the combustion chamber geometric model with details about the air and fuel inlet. The original periodicity of 45° was extended to 90° to avoid the influence on the solution. The computational mesh is hybrid non-structured, and it was generated by the commercial code Centaur TM [64] . The grid is composed of prismatic layers used for near-wall treatment and tetrahedral cells elsewhere.
Solid model and computational mesh
The mesh independency is investigated from a coarser (2.0M) to the fine grid (6.0M). The last three case 4.4M, 5.0M, and 6.0M present the same results, so the 4.4M was selected for the numerical investigation.
V.Experimental result
The experimental activity is carried out mainly on two setups. The first investigate the maximum premixing level with the pilot torch turn-off, and it is defined as the nominal case.
A lower premixing level characterizes the second configuration; the injection points were collocated half distance from the outlet. In this setup, the pilot torch was maintained on. 
Gas temperature distribution
The effect of the hydrogen content, thermal input, flow condition and mixing level on the gas temperature distribution along the combustion chamber was estimated using in-flame thermocouple measurement. The temperature profiles are reported in non-dimensional, defined by equation 5: 
Equivalence ratio and Thermal input effects
The first explored set up was the case with the greatest premix level, for a safety operating the airflow rate had to be increased to about 128-130 m/s. From this safe condition, the test explored the variation of gas flow rate with the fixed airflow rate. This experimental setup permits to analyze the effect of the equivalence ratio thus thermal input on the flame shape. Figure 5 reports the temperature in non-dimensional form and the profiles depend upon the equivalence ratio Phi. The reported profiles are quite overlapped, so the flame shape is not influenced by the equivalence ratio and thermal input. This result confirms the general roles of premixed combustion system that the flame shape is mainly controlled by the aerodynamic.
Airflow effect
The second case was a low premix configuration with the nominal thermal input, 130 kW. The premix outlet velocity is the variable quantity with a range from 84 to 122 m/s. This data set is reported with the same non-dimensional analysis, but the data population was divided into two groups: the values higher 100 m/s and the lower ones. The Figure 6A and the Figure 7A report the non-dimension analysis for each data groups. The cases with velocity over 100 m/s the flame present a pattern opener than the other cases; the next elaboration empathizes this result. The analyzed X/D range is limited from 0.3 to 6.3, and the average values for each data groups is evaluated. The Figure  6B and the Figure 7B show the results with their trend lines. The line of over 100 m/s cases is second order polynomial but the lower 100 m/s cases one is a third order polynomial.
In this case, the airflow manages the flame shape with a significant influence because over 100m/s the toroidal recirculation zone is very big. In lower velocity cases, the recirculation zone is compact.
Pollutants
In hydrogen fueling the only emissions are nitrous oxides and the current experience in operative gas turbine [7, 16] reports high values, incompatibles with existing regulations. During the experimental activities, the NOx emissions were measured for each explored configuration as the other quantities. The upper graph of Figure 8A shows the NOx emissions measured for the first analyzed case: constant the airflow rate and equivalence ratio changing.
For this set of data, NOx emissions are quite low from 6 up to 17 ppm @15%O2. In fact, this configuration is characterized by nominal premixing and pilot flame switched off. On the other side, the effect of the equivalence ratio is quite strong, about +11 ppm NOx for equivalence ratio from 0.258 to 0.338 (+13.7 ppm each +0.1 of φ) and the thermal input from 155 to 207 kW.
The graph of Figure 8B reports the low premixing configuration, with pilot switched on, and the airflow rate changes the equivalence ratio. The chart also reports the outlet velocity to emphasize the flow rate effect. In this case, measured NOx emission were much higher due to the pilot contribution and to the poorest air/fuel mixing. The relation between NOx and equivalence ratio is about linear with a rate of +24.7 ppm each +0.1 of φ.
Briefly considering all the configurations tested, the flame shape effect on the NOx emission is limited. The main driver is the combination of the premixing level and equivalent ratio.
In all cases the NOx emissions are quite low, from 5 up to 38 ppm@15%O2), also keeping in mind that combustion chamber rig is non-adiabatic.
Operability
The flashback limit was investigated by changing step-by-step both the air and the fuel flow rate (keeping the equivalent ratio unchanged φ=0.22) until the flashback was detected. Flashback onset was detected via UV camera signal that slightly anticipated the facility shut-down driven by the burner overheating protection. The protection is activated when the difference between the burner metal temperature and the combustion air temperature was larger than 15°C. We observed flashback was generally a mix between core flashback and boundary layer, but the second generated on the pilot burner.
The investigations were performed for both arrangements nominal and low premix, and the results are shown in Table 2 . The nominal configuration for a stable burner operation needs 127 m/s discharge velocity. In the case of low premixing the limit discharge velocity decreases down to 87 m/s, but in this case the pilot was switched on. The higher burner exit velocity is required to prevent flashback phenomena led to a significant increase of the burner pressure drop, see Table 2 . The nominal configuration presents a 6% pressure drop; a turbine required a value lower than 4% otherwise its performance decrease excessively.
VI.Numerical results
This paragraph reports the comparison with the experimental data and other interesting information that only the numerical procedure can show. The selected point is a low premixing case, but the torch pilot was switched off. The pilot is natural gas fueled and it is a problem for the numerical code because it is not able to analyze two different fuels. The boundary condition of this case are reported in Table 3 . Figure 9A shows the comparison between experimental data and CFD, in nondimensional form. The dotted line in Figure 9B shows the position of thermocouples as compared with the flame. The numerical results present an acceptable agreement with the experimental ones. The trend of the flame shape is the same: a third order polynomial characterizes it.
The main difference is near the metal wall, where the CFD results are higher of 10% than the experimental. The test rig was cold, but the cooling distribution was not well known, probably the heat exchange is more intense near the premixer where there is the air plenum. The uniform condition of the wall temperature used in the simulation is too limited. Figure 9B shows the CFD temperature field in a longitudinal plane. The zone with a high temperature (>2000K) is little and compact; this condition influences the NO emission.
The experimental measuring shows a low value for the in-flame temperature, in fact, the thermocouples position line is tangent with the high-temperature zone. Figure 10 shows the experimental OH* image, from [28] , and the Premix -C rate field in a longitudinal plane. The two images represent a similar information on the flame position but using a different visualization method. The flame position is well identified, and the shape is similar in the same visible zone.
Actual flame shape
The experimental image shows only a limited region of the flame, for example, it is not able to show what happens in the premixer, but the CFD can it. Figure 11 shows the complete flame shape; the flame is in the duct, and the flame ignition is very close to the injection point. The metal walls are not involved by the flame because the cold air slot protects them. The OH* chemiluminescence image was not able to show what happened in the duct. The flashback detection system in this operative condition did not report flashback; probably it was influenced by the cold airflow from the slot. The early ignition does not permit the correct mixing; the flame shape is very similar to a stretched diffusion flame ignited from each lance; the flame front is the boundary of gas with the air. This un-mixing condition exists with 84 m/s discharge velocity and a high swirling component.
NO emission
The NO is the only emission in the hydrogen combustion thus, its evaluation is important. In this study, three evaluation ways were considered: the pure Zeldovich postprocessor, the decoupled limited to only the Zeldovich path and the decoupled with a complete chemistry. This approach is similar to the work of Guo et al. [65] where the analyses were repeated with limited chemistry to emphasize the contribution of a specific path. Table 4 reports the results, the value from the Decoupled post processor, with complete chemistry, is very close to the experimental value, 41 ppm NO @15% O2 vs. 38 ppm NO @15% O2. The other two cases, where the only thermal path was evaluated, present a very low value as the temperature field suggest. This result plainly shows the thermal isn't the main way for the NO emission for this flame but the NNH [58, 59] way is the main cause.
The NNH way is significant when a high concentration of dissociated H2 and O2 are present in the flame; this is typical for the hydrogen combustion in air. The high level of H promotes the R1 reaction, and the O promotes the R2 reaction with final NO production. Figure 12 stress this result reporting the iso-surface of reaction rate for the thermal way and the NNH way (R2). The volume influenced by the thermal way is smaller than the NNH ones in accord with the global production value. The main information from Figure 12 is about the early starting of the production from NNH, in the initial part of the flame. Near the injection point where the temperature is very low and where the fuel presents the maximal concentration. The production from the thermal way is located only where the temperature is over 2000K at the flame end.
VII.Conclusions
A lean premixed burner prototype was designed and investigated. The prototype was derived from an existing DLN industrial unit where a new swirler reinforces the internal recirculation zone. Moreover, the units it was equipped with a new movable fuel injection system to allow the controlling of the mixing and the flame flashback.
The burner was tested at atmospheric combustion test facility with 100% hydrogen fueling; this activity confirmed the operability with pure Hydrogen. The operative points present a higher outlet velocity than the natural gas operation, from 80m/s to 130m/s.
The experimental campaign was addressed to measure the NOx emissions and flashback limits and two configurations were investigated. The best arrangement regarding NOx emissions is the case with nominal premix level and without the pilot. It showed a range of NOx emission from 5 to 17 ppm@15%O2, for equivalence ratio varying from 0.25 to 0.34.
The main issue of the unit regards the burner pressure drop, values from 3.3 up to 6% were measured. The higher value was related to the configuration with higher premixing, i.e. low emission, which requires for higher velocity flow. The numerical activity permits to understand the early ignition of the fuel and how it influences the operability.
The chemical post processor shows the importance of NNH path in the NOx emissions when the flame presents an early ignition, only the 20% of NOx emission is attributed to Zeldovic mechanism.
This result is important because the using of premixing technology is a historical solution, in hydrocarbon fueling, to reduce the temperature in the combustion chamber thus to reduce the NO emission. In 100% hydrogen fueling this technology is opposed by hydrogen promoted path thus the final result is a reduction of wished effect.
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